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1.0.  INTRODUCTION 


1.1.  Residual  Stress 


Stresses  remaining  within  a  material  after  all  external  forces  have  been 
removed  are  termed  residual  stresses.  Certain  operations  (e.g.,  heat 
treatment,  welding,  rolling,  drawing,  forging,  casting,  machining, 
sand-blasting,  shot -bias ting,  shot-peening,  etc.)  performed  on  a  metal  part 
can  leave  it  in  a  stressed  condition  which  persists  in  the  absence  of  external 
forces.  Measurements  performed  at  the  U.S.  Army  Tank-Automotive  Command 
(TACOM),  Warren,  MI,  on  T-142  track  pins  illustrate  the  effect  manufacturing 
processes  such  as  furnace-hardening,  induction-hardening,  straightening, 
grinding  and  shot-peening  have  on  surface  residual  stress  of  the  pin.^ 

Residual  stresses  in  materials  arise  also  in  service. 2  Residual  stresses  can 
be  of  an  undesirable  nature  or  concentration  level,  adversely  affecting 
functional  performance  and  durability.  Cumulative  high  residual  stresses  and 
high  dynamic  stresses  (in  service)  may  exceed  design  load  limits  of  the  part. 

1.2.  Residual  Stresses  in  Weldments 

Residual  stresses  are  produced  in  weldments  by  local  thermal  expansion, 
plastic  deformation,  and  subsequent  shrinkage  upon  cooling.  Heat-affected 
areas  adjacent  to  a  weld  nugget  are  nearly  always  areas  of  tensile  residual 
stress,  and  can  reduce  fatigue  life  of  the  weldment.  With  no  external  forces 
applied,  the  weldment  is  in  equillibrium  (i.e.,  not  in  motion)  and  tensile 
residual  stresses  in  the  vicinity  of  the  weldment  are  balanced  by  compressive 
residual  stresses  in  regions  elsewhere  in  the  weldment.  Measurements 
performed  at  TACOM  on  a  cross-section  of  the  weldment  illustrate  the  location 
of  tensile  and  compressive  residual  stresses  in  the  vicinity  of  a  weld 
nugget. 3  Residual  stress  isostress  lines  of  said  cross-section  are  shown  in 
Figure  1-1.  The  heavy  weight  solid  lines  designate  the  zero  level  of  residual 
stress.  The  thin  weight  solid  lines  designate  areas  of  compressive  residual 
stress.  The  dashed  lines  designate  areas  of  tensile  residual  stress.  Since 
fatigue  failures  never  start  in  an  area  under  compression,  weldment  fatigue 
life  can  be  substantially  increased  by  inducing  a  surface  compressive  residual 
stress  (via  shot-peening)  on  weldment  surfaces  that  otherwise  would  remain 
tensile. 

I 

1.3.  Ml  Hull  and  Turret  ! 


'The  hull  and  turret  of  the  Ml  tank  are  welded  structures.  Figure  1-2  is  a 
welding  isometric  drawing  of  the  turret  structure  (outer  roof  portion). 
Figure  1-3  is  a  welding  isometric  drawing  of  the  hull  structure.  Each 
weldment  in  the  hull  and  turret  is  a  potential  area  of  surface  tensile 
residual  stress. 

1.4.  Measurement  of  Residual  Stress 


Nondestructive  measurement  of  the  surface  residual  stresses  can  be 
accomplished  with  an  X-ray  diffraction  technique.  The  method  used  is  the 
Debye-Scherrer  powder  X-ray  diffraction  method.  The  equipment  used  has  been 
miniaturized  and  made  suitable  for  nondestructive  field  measurement  of 
residual  stresses.  Specifics  of  the  X-ray  diffraction  method  will  not  be 


Figure  1-2.  M1A1  Welding  Isometric  Turret  Structure;  Outer  Hoof 
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Figure  1-3.  M1A1  Welding  Isometric,  Hull  Structure 
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developed  or  discussed  in  detail  in  this  report;  the  information  is  plentiful 
in  published  text  books  and  open  literature.  References  2,  4,  and  5  are  of 
particular  value  in  this  regard.  Suffice  it  here  to  say  that  the  method  uses 
Bragg's  Law:  n  A  =  2d  sin  -0-  ,  where  n  -  an  integer,  A  =  X-ray  wave 
length,  d  *  atomic  interplanar  spacing,  and  •0-ai  the  angle  of  X-ray  incidence 
which  results  in  a  reflected  diffraction  peak.  Material  strain  causes  a  shift 
'  in  the  value  of  0-  .  Strain  may  be  calculated  from  the  shift  in -0-  .  Through 

use  of  elastic  theory,  strain  can  be  used  to  caluclate  stress  present, 
regardless  of  whether  it  be  residual  stress  or  applied  stress.  The  equipment 
v  used  in  this  effort  was  instrumented  with  an  on-board  computer  to  perform  the 

required  calculations. 

2.0.  OBJECTIVE 

The  objective  of  this  effort  was  to  measure  residual  stress  level  on  Ml  tank 
weldments.  Measurements  were  performed  on  preexisting  tanks  as  well  as  on 
current  production  runs.  The  weldments  selected  for  measurement  were: 

•  Race  ring  to  forward  glacis  (roll  homogeneous  armor  to  cast  armor); 

•  Gunner  primary  sight  to  frontal  slope  plate  (casting  to  two  wrought 
plates) ; 

•  Side  plate  to  front  portion  of  hull; 

•  Turret  roof  plate  joint. 

3.0.  CONCLUSIONS 

A  total  of  67  residual  stress  measurements  were  performed  on  early  model 
(preexisting)  Ml  tanks.  Only  two  of  these  measurements  revealed  tensile 
residual  stresses;  the  rest  were  compressive.  The  greatest  tensile  residual 
stress  level  was  13,000  psi;  the  greatest  compressive  residual  stress  level 
was  134,000  psi.  A  total  of  75  residual  stress  measurements  were  performed  on 
current  production  Ml  tanks.  Only  four  of  these  measurements  revealed  tensile 
residual  stresses;  the  rest  were  compressive.  The  greatest  tensile  residual 
stress  level  was  47,000  psi;  the  greatest  compressive  residual  stress  level 
was  154,000  psi.  The  conclusion  to  be  drawn  from  these  data  is  that  no 
detrimental  level  of  residual  stress  was  observed  on  the  weldments  measured. 
The  tensile  readings  observed  were  not  of  a  serious  magnitude;  the  compressive 
readings  observed  are  beneficial. 

4.0.  REC  0MMEND AT IONS 

The  weldment  areas  measured  in  this  effort  were  identified  as  being  the  best 
possible  candidates  for  this  study.  The  X-ray  equipment  used  was 
state-of-the-art  equipment.  The  contractor  (American  Analytical  Corp.)  is  one 
of  this  country's  leaders  in  the  residual  stress  field.  The  data  obtained 
indicate  no  detrimental  levels  of  residual  stresses  being  present  in  these 
weldments.  These  findings  support  the  recommendation  that  no  corrective 
action  is  required  at  this  time.  It  should  be  pointed  out,  however,  that  from 
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the  outset,  it  was  expected  that  tensile  residual  stresses  would  have  been 
observed  in  heat-affected  zones  of  the  weldments.  Having  observed 
predominantly  compressive  readings  indicates  that  factors  other  than  welding 
process  factors  may  be  present.  It  is  believed  that  said  factors  are  related 
to  other  manufacturing  processes  which  follow  the  welding  process.  It  is 
known,  for  example,  that  the  entire  hull  and  entire  turret  are  shot-blast 
prior  to  painting  to  accomplish  enhanced  paint  adherance.  Shot-blasting  is 
known  to  induce  compressive  residual  stresses.  If  it  should  become  necessary 
to  follow  residual. stress  level  as  a  function  of  the  various  processing  steps 
that  may  be  present  from  welding  to  painting,  it  is  recommended  that  a 
proposal  be  submitted  and  funding  allocated  for  this  endeavor. 

5.0.  DISCUSSION 

The  X-ray  measurement  of  residual  stress  involved  X-ray  diffraction 
techniques.  X-ray  diffraction  differs  from  X-ray  radiography  In  that  it 
involves  surface  and  near-surface  reflections  of  X-rays;  X-ray  radiography 
involves  penetration  of  material  thicknesses  to  form  images  on  films  or  other 
detecting  systems.  Diffraction  employs  much  lower  voltages  on  the  X-ray  tube 
as. well  as  different  X-ray  tube  types.  The  X-ray  radiation  used  in  this  study 
is.  long  wavelength,  sometimes  referred  to  as  soft  X-ray  and  is  useful  for 
measuring  surface  residual  stress;  it  is  not  at  all  useful  for  radiographic 
purposes.  For  this  reason,  special  armor  configuration  was  not  In  jeopardy  of 
being  revealed  in  this  work. 

5.1.  Stress  Direction 

Residual  stress  has  direction  as  well  as  magnitude.  Measurement  of  residual 
stress  in  a  specified  direction  with  X-ray  diffraction  equipment  is 
accomplished  by  rotational  orientation/alignment  of  equipment  with  respect  to 
the  item/part  being  measured.  The  stress  direction  of  interest  In  this  effort 
is  perpendicular  to  the  weld  nugget  since  this  is  the  direction  of  stresses 
causing  typical  weldment  cracking.  All  but  three  of  the  measurements 
performed  in  the  work  effort  reported  here  were  perpendicular  to  the  weld 
nugget;  these  three  were  parallel  to  the  weld  nugget. 

5.2.  Surface  Considerations 

Fatigue  cracking  in  materials  Is  known  to  originate  at  the  surface.  It  is 
also  known  that  the  surface  of  the  heat-affected  zone  of  a  weldment  can 
contain  high  tensile  residual  stresses;  these  can,  in  some  cases,  be  large 
enough  to  cause  cracking  in  the  heat-affected  zone  upon  cool  down  after 
welding.  For  these  reasons,  the  surface  of  the  weldments  in  the  Ml  tank  would 
be  of  most  interest  in  this  Ml  weldment  residual  stress  study.  However,  one 
should  electropolish  a  few  thousandths  of  an  inch  of  material  away  prior  to 
measuring  stress  since  the  residual  stress  exactly  at  the  surface  would 
reflect  random/extraneous  residual  stress.  Examples  of  random/extraneously 
induced  residual  stresses  are  those  induced  by  sanding  away  rust,  use  of  slag 
hammer,  and  use  of  air  operated  wire  peener.  In  the  work  effort  here,  the 
surface  was  electropolished  from  4  to  10  thousandths  of  an  Inch  prior  to 
measurement;  in  a  few  cases,  electropolishing  was  deeper.  Only  one 
measurement  was  performed  without  first  electropolishing  the  surface. 
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5.3.  X-ray  Beam  Size 


The  isostress  plot,  referred  to  earlier  in  Figure  1-1,  illustrates  the  steep 
stress  gradients  present  in  the  vicinity  of  a  weldment.  For  this  reason,  a 
reasonably  small  diameter  X-ray  beam  should  be  used  when  measuring  residual 
stresses  in  the  vicinity  of  weldments.  The  trade-off,  however,  is  that  longer 
exposure  times  are  required  for  smaller  X-ray  beam  sizes.  The  beam  size  used 
in  this  effort  was  approximately  1/8  inch  in  diameter;  the  exposure  times  were 
approximately  5  minutes.  Penetration  of  the  beam  was  only  about  1/1000  of  an 
inch.  Five  readings  were  taken  with  a  smaller  X-ray  beam  size  (using  a  0.090 
inch  collimator).  Each  residual  stress  measurement  taken  is  valid  only  for 
the  weldment  area  defined  by  the  beam  size  and  penetration  depth.  For  this 
reason,  readings  at  many  different  spots  are  required  to  characterize  the 
weldment  in  question. 

5.4 .  Approach 

Current  production  Ml  tanks  were  obtained  for  this  effort  from  the  Lima  Army 
Tank  Plant  (LATP),  Lima,  OH.  Preexisting  Ml  tanks  were  obtained  from  General 
Dynamics,  Warren,  MI.  In  both  cases,  the  hulls  and  turrets  were  separate 
(i.e.,  not  in  the  married  configuration)  and  without  track.  This  was 
accomplished  at  LATP  by  intercepting  hulls  and  turrets  on  the  production  line 
after  welding,  but  prior  to  painting;  the  preexisting  tanks  were  being 
refurbished  and  had  already  been  appropriately  disassembled.  Paint  had  to  be 
removed  from  the  preexisting  tanks  prior  to  performing  residual  stress 
measurement,  but  not  from  the  current  production  tanks,  since  they  had  not  yet 
been  painted.  Paint  removal  was  accomplished  in  some  cases  with  paint 
remover.  However,  this  was  not  a  time  effective  method  and  was  abandoned  in 
favor  of  using  an  air-driven  wire  brush.  Small  areas  about  1/4  inch  in 
diameter  were  then  elec tropolished  at  each  position  about  the  weldment  on 
which  residual  stress  measurements  were  to  be  performed.  The  portable  X-ray 
equipment  was  then  positioned  at  each  spot,  measurements  were  taken,  and  the 
data  were  recorded. 

5.5.  Equipment 

5.5.1.  Electropolishing  Equipment.  Electropolishing  was  accomplished  with 
portable  equipment  manufactured  by  Struers  Inc.,  Cleveland,  OH.  (A  photograph 
of  the  equipment  is  shown  in  Figure  5-1.)  It  consisted  of  an  electrical  power 
supply  unit  and  an  electrolyte  container  with  recirculating  pump  and 
pencil-shaped  polishing  probe.  The  polishing  probe  was  connected  to  the 
electrolyte  container  via  plastic  tubing.  In  use,  the  probe  was  placed  on  the 
object  to  be  elec tropolished ,  and  the  power  supply  was  turned  on  for  a 
calibrated  length  of  time  to  achieve  the  desired  depth  of  polishing,  the 
electrolyte  and  appropriate  voltage  being  furnished  at  the  probe  for  this 
purpose.  The  polished  area  measured  0.4  cm^ .  Various  electrolyte  recipes  are 
available.  The  recipe  for  the  electrolyte  used  in  this  work  consisted  of 
90  ml  distilled  water,  730  ml  ethhanol  (ethyl  alcohol),  100  ml  butylcellosolve , 
and  78  ml  perchloric  acid. 
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5.5.2.  X-ray  Diffraction  Equipment.  Residual  stress  measurement  was 
accomplished  using  a  portable  X-ray  analyzer  for  residual  stress  (PARS)  unit. 
The  PARS  system  was  developed  at  Nor thwe stem  University  for  the  Office  of 
Naval  research.  The  American  Analytical  Corp.  was  contracted  to  furnish  the 
equipment  and  to  perform  the  measurements.  A  feature  of  this  equipment  that 
permits  its  small  size  and  portability  is  the  use  of  a  position  sensitive 
detector  (PSD).  When  used  in  conjunction  with  a  multichannel  analyzer,  it 
eliminates  the  bulky  goniometer  used  in  conventional  X-ray  diffractometers 
used  to  display  diffraction  peaks.  The  electronics  supporting  the  PARS  is  not 
portable;  it  is  mounted  in  an  electronic  instrument  relay  rack  on  casters  and 
consists  of  an  X-ray  generator  (i.e.,  high  voltage  power  supply),  a  video 
display  of  the  diffraction  peak,  a  multichannel  analyzer,  a  computer,  and  a 
printer.  The  X-ray  tube  and  PSD  are  assembled  into  one  portable  unit  and  are 
attached  to  the  supporting  electronics  via  long  cable  making  it  possible  to 
move  the  X-ray  tube  and  PSD  without  also  moving  the  electronics.  A  photograph 
of  the  X-ray  tube  and  PSD  are  shown  in  Figure  5-2.  A  chromium  target  X-ray 
tube  and  a  vanadium  filter  are  used  to  achieve  approximate  monochromatic 
radiation.  Operational  voltages  and  current  used  were  35  kilovolts  and  1.7 
milliamperes. 

5.6.  Procedure 

5.6.1.  Instrument  Calibration.  Prior  to  performing  residual  stress 
measurements,  reference  samples  of  known  value  were  used  to  check  calibration 
of  the  PARS  unit.  At  LATP,  the  contractor's  compressive  reference  sample  was 
used.  It  was  used  at  the  beginning  of  the  first  day  and  at  the  end  of  the 
last  day.  TACOM's  reference  samples  were  used  at  General  Dynamics.  One  of 
them  was  a  zero  level  reference  sample,  one  was  a  high  tensile  level  reference 
sample,  and  the  third  was  a  high  compressive  level  reference  sample. 

5.6.2.  Surface  Preparation.  Surface  preparation  consisted  of  paint  removal 
if  required,  and  electropolishing  as  described  in  section  5.2. 

5.6.3.  Instrument  Positioning.  Due  to  steep  stress  gradients  in  and  around 
the  weldments,  it  is  imperative  that  the  X-ray  equipment  be  mounted  firmly  so 
as  to  prevent  any  movement  or  vibration  during  X-ray  exposure.  This  was 
accomplished  by  firmly  clamping  the  PARS  unit  to  a  drill  stand,  and 
positioning  this  assembly  appropriately  for  each  measurement  performed. 

6.0.  RESULTS 


The  results  of  this 
said  results  are  in 
6-1  through  6-9  are 
are  for  preexisting 


effort  are  as  stated  in  section  3.0.;  the  data  supporting 
the  data  sheets  shown  in  Figures  6-1  through  6-16.  Figures 
for  current  production  Ml  tanks;  Figures  6-10  through  6-16 
Ml  tanks.  Tables  6-1  and  6-2  are  listings  of  statistics 
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y 

Figure  5-2.  Portable  X-ray  Analyzer  for  Residual  Stress  (PARS) 
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derived  from  data  for  preexisting  and  current  production  Ml  tanks.  Figures 
6-17  and  6-18  are  histograms  of  the  data.  The  listings  of  statistics  and  the 
histograms  illustrate  that  there  is  no  appreciable  difference  in  results 
obtained  on  preexisting  and  current  production  Ml  tanks.  All  data  are 
expressed  in  KSI  units  (i.e.,  units  of  1,000  pounds  per  square  inch.)  The 
accuracy  of  all  data  points  is  estimated  to  be  plus/minus  10  KSI.  A  negative 
(sign)  value  indicates  a  compressive  residual  stress;  a  positive  value 
indicates  a  tensile  residual  stress.  If  not  otherwise  indicated  on  the  data 
sheets,  all  electropolish  depths  are  approximately  4/1000  inch,  and  residual 
stress  directions  are  perpendicular  to  the  weld  nugget.  The  weld  nugget  is 
represented  by  a  fine  saw  tooth  line  in  the  sketch  on  each  data  sheet. 
Measurement  locations  are  pictured  on  the  data  sheets  as  dots.  Some  are 
pictured  as  being  on  the  weld  nugget,  representing  those  measurements  taken  on 
the  nugget.  Other  dots  are  pictured  as  being  to  either  side  of  the  weld 

nugget,  representing  measurements  taken  near  the  nugget,  but  off  to  one  side. 

The  latter  measurements  were  located  as  close  to  the  weld  as  possible  so  as  to 

be  positioned  in  the  heat -affected  zone  of  the  weldment.  An  additional 

measurement  was  taken  at  the  request  of  LATP  engineers  on  hull  # 3029,  which 
had  been  accidentally  dropped  in  processing.  This  data  point  was  not  included 
in  the  data  sheets  of  this  report;  it  was  on  a  weldment  other  than  those 
depicted  in  the  data  sheets.  The  measurement  was  taken  in  the  heat -affected 
zone  of  the  weldment  at  a  point  near  the  point  of  impact  with  the  floor.  The 
weldment  was  electropolished  and  the  measurement  was  taken  in  the  direction 
perpendicular  to  the  weld  nugget.  The  residual  stress  level  was  found  to  be 
70,000  psi  compressive.  This  data  point  was  included  in  the  statistics  of 
Table  6-1^  ami  frrft;  as  well  as  in  the  histogram*  of  Figure*  6-17,  a,ml. 'fi-ilflc. 
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Figure  6-. 
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Figure  6- 
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Figure  6-5 
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Figure  6- 
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Figure  6-10.  Data  Sheet  for  Preexisting  Ml  Tank  Weldments 
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Figure  6-13.  Data  Sheet  for  Preexisting  Ml  Tank  Weldments 
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Figure  6-17.  Histogram  for  Data  from  Current  Production  Ml  Tank  Weldments 
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Table  6-1.  Statistical  Data:  Residual  Stress,  Current  Production  Ml 
Tank  Weldments 


Statistic 

Value 

N  (number  of  readings) 

75 

Mean 

-59.81  KSX 

Std.  Dev. 

40.27  KSI 

Skewness 

0.205 

Kurtosis 

2.837 
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Table  6-2.  Statistical  Data:  Residual  Stress,  Preexisting  Ml  Tank  Weldments 


Statistic 

Value 

N  (number  of  readings) 

67 

Mean 

-74.52  KSI 

Std.  Dev. 

31.21  KSI 

Skewness 

0.408 

Kur tos is 

3.081 
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